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Muscle development: Molecules of myoblast fusion
Michael V. Taylor
The fusion of myoblasts to make multinucleate muscle
fibres is central to muscle development. Recent work
on Drosophila has identified two members of the
immunoglobulin superfamily that have key roles in
controlling the specificity of myoblast fusion.
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Skeletal muscle is a major tissue in animals and for most of
the modern era of biological research it has been central to
studies in many disciplines. One unusual characteristic of
muscle fibres is that they are multinucleate, that is they
contain many nuclei within a common cytoplasm, and
they are formed through the aggregation and fusion of
myoblasts. There is great interest in myoblast fusion.
First, it is central to muscle development: myoblast fusion
must be precisely controlled to produce muscles that are
both the correct size and organised in the correct pattern.
Second, there are clinically relevant issues: for example,
myoblast fusion occurs in adults in response to injury, sug-
gesting the possible therapeutic value of influencing
muscle cell fusion, and gene therapy by fusion of exo-
genous myoblasts with mature muscle may help treat dev-
astating diseases such as muscular dystrophy [1]. 
Many investigations into muscle cell fusion have been
carried out in cell culture, but it is imperative to also study
the process in vivo. The fruit fly, Drosophila melanogaster,
has some important advantages for this: there is sophisti-
cated genetics to unravel gene function; and Drosophila is
amenable to ultrastructural study, as the time and place of
muscle fusion during development is precisely defined.
Recent studies [2,3] have identified two members of the
immunoglobulin superfamily with key roles in Drosophila
myoblast fusion.
An overview of Drosophila muscle development 
To put the new work in context, one needs to know a
little of how Drosophila muscle develops. The mesoderm
is subdivided into several domains, including the muscle-
forming region, from which two classes of myoblasts
develop. Muscle progenitors segregate at specific points
through a process of lateral inhibition and then divide to
form the first class, the muscle ‘founder’ cells. These
special myoblasts have a key role. They seed the muscles
which develop through fusion with members of the second
class of myoblasts, the fusion-competent cells, to form
the multinucleated myotubes. Founder cells endow the
muscles with their specific characteristics, for example
size, through the expression of ‘muscle identity genes’
[4]. A key advance in determining the events of myoblast
fusion during development in vivo was made a few years
ago by Doberstein et al [5]. Using light and electron
microscopy and a range of mutant backgrounds, they
described a sequence of cellular and ultrastructural features
of myoblast fusion. These can be incorporated into a
general scheme of the process involving myoblast differ-
entiation, cell–cell recognition, adhesion, alignment and
membrane fusion to provide a framework for understand-
ing muscle cell-fusion genes [6] (Figure 1).
In order to produce the intricate and stereotypic pattern of
Drosophila larval muscles, myoblast fusion needs to be
controlled, and in particular founders should not fuse with
other founders. Indeed, direct evidence is accumulating
that, although the two classes of myoblasts — the founders
and fusion-competent cells — fuse with each other, they
cannot fuse with themselves [7,8]. There are two key
questions about this process. First, do myoblasts cluster
prior to fusion through random collision followed by
recognition, or does a specific attractant operate? And
second, what is the molecular basis of recognition between
myoblasts? One route for progress is to identify genes
expressed specifically in the two myoblast populations
and then to investigate their function in the controlled
fusion of myoblasts. Two recent papers [2,3] report the
identification of such genes, one acting in founders [2] and
the other in fusion-competent cells [3], and provide some
answers to these questions.
Attractive myoblasts
In one paper, my colleague Ruiz-Gomez and co-workers
[2] report the function of the dumbfounded (duf ) gene. In
Drosophila embryos with a small chromosomal deletion
that includes duf, no myoblast fusion occurs. Ruiz-Gomez
et al. [2] argue compellingly that this phenotype is due to
loss of duf itself. Although founder cell specification and
many aspects of differentiation are normal in the mutant,
clusters of myoblasts do not form around the founders.
The myoblasts have filopodia, but in contrast to wild-type,
they are randomly oriented and do not extend towards the
founder cells (Figure 1). 
Ruiz-Gomez et al. [2] then went on to show experimen-
tally that duf encodes an attractant for myoblasts, as the
mutant phenotype suggests. Thus, when duf was ectopi-
cally expressed, myoblasts migrated towards the site of
expression. Because, in normal development, duf is
expressed in the founders, it is envisaged that duf leads to
the aggregation of fusion-competent myoblasts on founders,
with which they fuse. Thus, to answer question one above,
the analysis of duf shows that aggregation of myoblasts on
founders is an active process. 
On the founder-cell side of the fusion process, we have
duf. What about the fusion-competent myoblast side? This
is where the second paper comes in. Bour et al. [3] molecu-
larly mapped mutations in the sticks and stones (sns) gene.
In sns mutant embryos, myoblast fusion again fails, although
founder cells are present and myoblast differentiation
starts. A series of experiments showed that sns is the first
gene found to be expressed in the fusion-competent cells,
but not in the founders, which is consistent with a specific
function in the former cell type.
How do duf and sns function?
The first place to look for clues for gene function is in the
encoded protein. The proteins predicted to be encoded by
duf and sns both share features with the immunoglobulin
superfamily of cell-adhesion molecules, with immunoglob-
ulin-like repeats and putative transmembrane domains, and
for Sns there is direct evidence that it is found predomi-
nantly at the cell membrane [2,3]. The two proteins have
different structures, however: Duf has five immunoglobu-
lin domains, whereas Sns has eight immunoglobulin
domains plus one fibronectin domain. Ruiz-Gomez et al. [2]
suggest that duf is required, not just for aggregation, but
also for myoblast fusion, as they observe no fusion in duf
mutants. Because of the proximity of some myoblasts and
founders one would expect random collisions to lead to
some fusion events if duf were not itself required for fusion.
Could the same biochemical function, adhesion, be respon-
sible for both roles? It seems possible that it is.
The adhesion of myoblasts has long been considered a
requirement for fusion, so that the cells can align, elongate
and eventually fuse. So one would expect that a trans-
membrane adhesion molecule — which is what Duf
seems likely to be — would play a role in this proces. Less
clear, perhaps, is how Duf might act as an attractant at a
distance. Functional Duf could either be cleaved and
diffuse away, or it could remain on the membrane.
Ruiz-Gomez et al. favour the latter view [2]. But if Duf
does remain on the membrane, how does it attract myoblasts
over distances of many cell diameters? One possibility is
that it does so via filopodia and/or cytonemes, which have
been suggested to be responsible for some long-range
communication [9]. If adhesion molecules on the founder
cell are crucial to attracting the fusion-competent myoblasts,
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A simplified scheme of Drosophila muscle development.
(a) The mesoderm is subdivided into domains. (b) From the
muscle-forming region muscle progenitor cells segregate by the
process of lateral inhibition, in a similar way to that in neurogenesis,
and express the l’sc gene. (c) duf is expressed in founder cells
produced from the progenitors, and sns is expressed in fusion-
competent cells; duf mutants are blocked with no myoblast clusters at
this stage. (d) Filopodia on clustering fusion-competent cells are
oriented towards the founder. (e) EM analysis of fusing myoblasts in
vivo shows a pre-fusion complex; blown fuse mutants are blocked at
this stage. Electron microscopy analysis has revealed two further
stages: (f) plaque formation, and (g) cell alignment plus membrane
fusion. (h) Fusion forms a multinucleate muscle precursor. (i) Part of
the final pattern of larval muscles.
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then what is the adhesion molecule on the latter cells? An
obvious candidate is Sns, given its molecular similarity to
Duf and the complementary patterns of sns and duf expres-
sion in the two classes of myoblasts. Testing this possibil-
ity could provide an answer to question two posed above. 
Whether or not adhesion is through a Duf–Sns interaction,
a role for adhesion in the attraction of myoblasts to
founders seems very plausible. Adhesive contacts would
be made by exploratory cell movements to direct the
myoblasts. Here the analogy with axon growth cones is
very striking: the general direction of growth cone move-
ment is towards areas where contacts by its filopodia are
strongest. Immunoglobulin superfamily members function
in this process too, and indeed many were first identified
through roles in neural development [10]. Interestingly,
expression in the nervous system is reported for duf,
although not for sns [2,3]. One last question is whether
Duf and Sns have both adhesion and signalling functions,
like many surface molecules, integrins for example. We do
not know the answer to this question, but both molecules
have quite long intracellular domains, which suggests they
may indeed have signalling activity.
Size control
A key aspect of muscle cell fusion is when the process
stops, as this is a mechanism for regulating muscle size. In
Drosophila, for example, the largest larval muscles have
20–25 nuclei, whereas the smallest have 3–4. One possible
mechanism would be that all cells contributing to a partic-
ular muscle are pre-identified, but available evidence
argues against this [2]. Another mechanism would involve
regulation of the molecules that control fusion. It is there-
fore interesting that transient expression associated with
fusion is a prominent feature of both the Sns protein and
duf transcript (there are no data for the Duf protein) [2,3].
Because one attribute thought to be controlled by muscle
identity genes is size, it is possible that these genes are
regulators of Duf and/or some other founder-cell molecule
required for fusion. Unravelling this important and
intriguing issue awaits further experimentation.
Other molecules
There are many steps in the process of myoblast fusion
and many gaps remain in our knowledge of the molecules
at work. In the case of Duf, although it is necessary for
fusion, it appears not to be sufficient and requires some
other, as yet unknown, component of founder cells [2]. In
Drosophila, other genes required for muscle cell fusion will
surely be uncovered, while for those already identified [6]
much remains to be done to define their mode of action.
Lastly, although some fusion steps are specific to myoblasts,
others are not, and so players in these shared mechanisms
may be found in other cell fusion events, such as osteoclast
differentiation, or even membrane fusion events, such as
endocytosis and synaptic transmission.
In general, there are striking similarities between flies and
vertebrates, graphically illustrated at the genetic level by
the recently completed Drosophila genome sequence [11].
More specifically, both the signals that regulate muscle
commitment and the transcriptional regulators of muscle
gene expression are conserved. Is this also the case for the
molecules of myoblast fusion? It has been argued that the
basic strategy of fusion between two classes of cell that
produces a pattern of discrete muscles in Drosophila may
have parallels in vertebrates [2]. A more specific question
evoked by these new papers, however, is whether duf and
sns are conserved. Searches of the sequence databases
revealed that human Nephrin is the known vertebrate
molecule most closely related to both Sns and Duf [2,3].
Nephrin, which functions in the kidney, has the same
eight immunoglobulin plus one fibronectin domain organ-
isation as Sns, but appears not to be the functional homo-
logue [3]. So, for the moment at least, it remains an open,
not to say burning, question as to whether the function of
duf and sns is conserved in vertebrate systems.
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